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I .  INTRODUCTION 


Major  advances  in  our  understanding  of  the  detailed  phenomenology 
of  the  gun  interior  ballistics  cycle  have  occurred  over  recent  years. 
Much  of  this  progress  has  resulted  from  theoretical  and  experimental 
efforts  undertaken  in  response  to  a  recognition  of  the  interior  ballis¬ 
tics  cycle  as  an  unsteady,  two-phase  flow  problem,  in  which  events 
occurring  during  the  ignition/f lamespread  portion  may  have  dramatic 
impact  on  the  overall  process.  Thus  a  whole  new  field  of  interior 
ballistics  modeling,  including  the  processes  of  ignition  and  flame- 
spread,  was  founded  and  with  it  the  need  for  experimental  data  both  for 
model  validation  and  guidance  in  future  efforts. 

This  report  describes  a  series  of  experiments  designed  to  provide 
such  data,  as  well  as  a  comparision  of  experiment  to  theory,  the  theore¬ 
tical  values  being  provided  by  a  set  of  sample  calculations  performed 
using  an  available  one-dimensional,  two-phase  flow,  interior  ballistics 
code.  While  a  critical  assessment  of  the  code  itself  is  outside  the 
scope  of  this  report,  apparent  strengths  and  weaknesses  of  the  simula¬ 
tions  are  noted,  and  areas  of  possible  future  interest  to  both  model 
developers  and  experimental  investigators  are  suggested. 


II.  TECHNICAL  DISCUSSION 

A.  Phenomenology  of  the  Gun  Interior  Ballistic  Cycle 

While  the  overall  gun  interior  ballistic  cycle  involves  an 
extremely  complex  interplay  of  chemical  and  physical  processes,  classi¬ 
cal  pictures  of  it  have  often  invoked  major  simplifying  assumptions  to 
facilitate  model  formulation.  A  typical  lumped-parameter  model*  is 
based  on  instantaneous,  or  at  least  simultaneous,  uniform  ignition  of 
the  entire  propellant  bed,  followed  by  a  spacewise-averaged  thermo¬ 
dynamic  treatment  of  what  is  viewed  to  be  a  well-stirred  mixture  of 
propellant  gas  and  particles.  A  simplified  description  of  the  pressure 
gradient  is  superimposed  on  this  solution  only  for  purposes  of  calcu¬ 
lating  maximum  breech  pressure  and  the  force  profile  on  the  projectile 
base,  integration  of  which  allows  calculation  of  projectile  velocity 
and  travel . 

In  actual  practice,  this  artificially  imposed  decoupling  of 
ignition  and  combustion  events  is  far  from  phenomenologically  correct, 
and  flow  dynamics  accompanying  flamespread  may  exhibit  a  significant 
impact  on  the  remainder  of  the  interior  ballistic  cycle.  This  influence 


P.  G.  Baer  and  J.  M.  Frankie,  "The  Simulation  of  Interior  Ballistic 
Performance  of  Guns  by  Digital  Computer  Program ,"  Report  1183, 
Ballistic  Research  Laboratories ,  Aberdeen  Proving  Ground,  MD, 
December  1961.  (AD  #299980) 
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is  best  demonstrated  by  specifically  addressing  the  functioning  of  an 
idealized  (though  certainly  not  ideal)  granular  propellant  charge,  as 
shown  in  Figure  1.  Typically  an  igniter  system  is  electrically  or 
mechanically  initiated,  leading  to  the  venting  of  high-temperature, 
combustion  products  into  a  bed  of  granular  propellant.  The  intensity 
and  geometrical  distribution  of  this  output  varies  significantly  with 
the  system.  The  surfaces  of  nearby  propellant  grains  are  heated  to  a 
sufficient  temperature  to  initiate  combustion.  Hot  propellant  gases 
then  join  those  from  the  igniter  to  penetrate  the  rest  of  the  bed, 
convectively  heating  the  propellant  and  resulting  in  flamespread.  Dur¬ 
ing  this  phase,  resistance  to  gas  flow  offered  by  the  packed  bed  may 
result  in  large  pressure  gradients  capable  of  leading  to  substantial 
propellant  motion.  In  particular,  localized  ignition  at  the  base  of  the 
propellant  bed  with  ullage,  or  free  space,  present  at  the  other  end 
(between  the  charge  and  the  projectile  base)  can  lead  to  large  forward 
velocities  of  both  gas  and  solid  phases.  Stagnation  at  the  projectile 
base  is  then  accompanied  by  a  substantial  level  of  local  pressurization, 
bed  compaction,  and  perhaps  even  grain  fracture^,  in  the  limit,  the 
ideal  pressure-time  curves  shown  in  Figure  2  give  way  to  the  very  real 
profiles  shown  in  Figure  3,  which  depicts  an  over-pressurization  leading 
to  a  breechblow  in  a  175-mm  gun.  These  figures  also  illustrate  a  pro¬ 
cedure  now  employed  by  many  ballisticians,  wherein  pressure-time  data 
recorded  at  the  projectile  end  of  the  chamber  are  subtracted  from  corres¬ 
ponding  data  taken  at  the  breech  end  to  yield  the  "pressure-difference 
profile."  This  curve  provides  a  convenient,  graphic  portrayal  of  the 
evolution  of  longitudinal  pressure  waves  in  gun  chambers. 

A  rigorous  understanding  of  those  processes  involved  in  the 
formation  of  pressure  waves  and  their  impact  on  the  rest  of  the  interior 
ballistic  cycle  is  needed  if  one  is  to  be  able  to  make  meaningful  pre¬ 
dictions  about  the  performance  and  safety  of  new  charge  designs.  Of  at 
least  equal  importance  is  the  need  to  provide  a  useful  diagnostic  capa¬ 
bility  with  respect  to  anomalous  behavior  exhibited  by  existing  charges. 
Accurate  quantitative  statements  on  any  of  these  matters  require  the 
formulation  of  an  adequate  interior  ballistic  model  which  includes 
treatment  of  all  important  physical  and  chemical  processes  involved  in 
flamespread,  the  formation  of  pressure  waves,  and  their  coupling  with 
maximum  chamber  pressures.  For  the  experimentalist,  this  means  that 
he  is  called  upon  first  to  assist  in  identifying  those  processes  which 
must  be  considered  in  the  physical  scope  of  the  model,  and  second  to 
provide  data  for  validation  of  the  adequacy  of  the  physical  representa¬ 
tion  and  numerical  procedures. 


2 

A.  W.  Horst j  I.  W.  May,  and  E.  V .  Clarke 3  "The  Missing  Link  Between 
Pressure  Waves  and  Breechblows, "  14  th  JANNAF  Combustion  Meeting ,  CPI  A 
Publication  292 ,  Vol.  JJ,  pp.  277-292 ,  December  1977. 
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Figure  1.  Schematic  of  Gun  Propelling  Charge 
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Figure  2.  Pressure-Time  and  Pressure-Difference  Profiles  -  Ideal 
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B.  Recent  Advances  in  Interior  Ballistic  Modeling 


This  past  decade  has  seen  considerable  activity  in  the  field  of 
modeling  unsteady,  multiphase  flows.  A  small  sample  of  the  nature  and 
complexity  of  such  work  was  recently  revealed  at  an  Army  Research 
Office  Workshop  on  Multiphase  Flows*.  One  subset  of  this  field  has 
been  that  of  flamespread  and  combustion  in  a  mobile,  granular  propellant 
bed.  These  studies  are  of  particular  interest  in  terms  of  their  rele¬ 
vance  to  ignition  transients,  pressure  waves,  and  even  breechblows  in 
Army  artillery  and  tank  guns.  The  works  of  several  US  flamespread 
modelers  were  reviewed  in  a  Joint-Array-Navy-NASA-Air  Force  (JANNAF) 
Workshop^  several  years  earlier.  Since  that  time,  modeling  of  flame¬ 
spread  and  pressure-wave  phenomena  in  the  gun  environment  has  received 
further  attention  principally  by  Fisher^*^  Gough^-^,  and  Kuo^.  Several 


3 

J.  Chandra  and  C.  Zoltani ,  "Proceedings  of  ABO  Workshop  on  Multiphase 
Flows, "  US  Army  Research  Office  and  the  Ballistic  Research  Laboratory, 
Aberdeen  Proving  Ground ,  MB,  February  1978. 

4 

K.  K.  Kuo,  "A  Summary  of  the  JANNAF  Workshop  on  Theoretical  Modeling 
and  Experimental  Measurements  of  the  Combustion  and  Fluid  Flow  Proces¬ 
ses  in  Gun  Propellant  Charges,"  13th  JANNAF  Combustion  Meeting,  CPIA 
Publication  281,  Vol.  I,  pp.  213-233,  December  1976. 

^ E .  B.  Fisher,  "Quality  Control  of  Continuously  Produced  Gun  Propellant,  " 
Calspan  Report  No.  SA-5913-X-1,  Calspan  Corporation,  Buffalo ,  NY,  August  1977. 

g 

E.  B.  Fisher,  "Investigation  of  Breechblow  Phenomenology , "  Contract  Report 
ARBRL-CR-00412,  Ballistic  Research  Laboratory,  USA  ARRADCOM,  Aberdeen 
Proving  Ground,  MB,  January  1980.  (AD  #B046080L) 

7 

P.  S.  Gough  and  F.  J.  Zwarts,  "Some  Fundamental  Aspects  of  the  Digital 
Simulation  of  Convective  Burning  in  Porous  Beds,"  AIAA/SAE  13th  Propulsion 
Conference,  AIAA  Paper  No.  77-855,  July  1977. 

8 

P.  S.  Gough,  "Theoretical  Study  of  Two-Phase  Flow  Associated  with 
Granular  Bag  Charges, "  Contract  Report  ARBRL-CR-00381 ,  Ballistic  Research 
Laboratory,  USA  ARRADCOM,  Aberdeen  Proving  Ground,  MB,  September  1978. 

(AD  SA062144) 

P.  S.  Gough,  "Two-Dimensional  Convective  Flame  spreading  in  Packed  Beds 
of  Granular  Propellant, "  Contract  Report  ARBRL-CR-00404 ,  Ballistic 
Research  Laboratory,  USA  ARRADCOM,  Aberdeen  Proving  Ground,  MD,  Julu  1979. 
iQ  (AD  #A075326) 

K.  K.  Kuo  and  J.  #.*  Koo,  "Transient  Combustion  in  Granular  Propellant 
Propellant  Beds.  Part  1:  Theoretical  Modeling  and  Numerical  Solu¬ 
tion  of  Transient  Combustion  Processes  in  Mobile  Granular  Propellant 
Beds ,"  Contract  Report  No.  346 ,  Ballistic  Research  Laboratory,  USA 
ARRADCOM,  Aberdeen  Proving  Ground,  MD,  August  1977 .  (AD  #A044998) 
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other  efforts***2 * * * * * * * * * 12  recently  sponsored  by  the  US  Army  are  currently 
addressing  post-flamespread  phenomena  and,  hence,  are  not  relevant  to 
the  description  of  ignition/combustion-driven  pressure  waves  and 
attendant  problems. 

Calculations  included  in  this  study  were  performed  using  the  NOVA 
Code7 * * **1^-^  developed  by  Paul  Gough  Associates,  under  contract  to  the 
Naval  Ordnance  Station,  Indian  Head,  MD.  NOVA  consists  of  a  two-phase 
flow  treatment  of  the  gun  interior  ballistics  cycle  formulated  under  the 
assumption  of  quasi-one-dimensional  flow.  The  balance  equations  des¬ 
cribe  the  evolution  of  averages  of  flow  properties  accompanying  changes 
in  mass,  momentum  and  energy  and  arising  out  of  interactions  associated 
with  combustion,  interphase  drag  and  heat  transfer.  Constitutive  laws 
include  a  covolume  equation  of  state  for  the  gas  and  an  incompressible 
solid  phase.  Compaction  of  an  aggregate  of  grains,  however,  is  allowed, 
with  granular  stresses  in  excess  to  ambient  gas  pressure  being  taken  to 
be  in  accord  with  steady  state  measurements.  Interphase  drag  is  repre¬ 
sented  by  reference  to  the  empirical,  steady  state  correlations  of 
Ergun17  and  Andersson18  for  fixed  and  fluidized  beds  respectively. 


2  2 

H.  J.  Gibeling ,  R.  C.  Buggeln  and  H.  McDonald ,  "Development  of  a  Two- 
Dimensional  Implicit  Interior  Ballistics  Code , "  Contract  Report  ARBRL- 
CR-00411 ,  Ballistic  Research  Laboratory ,  USA  ARRADCOM,  Aberdeen  Proving 
Ground ,  MDy  January  1980.  (AD  #A084092) 

12 

A.C.  Buckingham ,  "Modeling  Additive  and  Hostile  Particulate  Influences 
in  Gun  Combustion  Turbulent  Erosion,"  16th  JANNAF  Combustion  Meeting , 
CPIA  Publication  308 ,  Vol.  I,  pp.  673-690 ,  December  1979. 

13 

P.  S.  Gough  and  F.  J.  Zwarts ,  "Theoretical  Model  for  Ignition  of 
Gun  Propellant,"  SRC-R-67,  Space  Research  Corporation,  North  Troy , 

VT,  December  1972. 

14 

P.  S.  Gough,  "Fundamental  Investiation  of  the  Interior  Ballistics  of 
Guns:  Final  Report,"  IHCR  74-1 ,  Naval  Ordnance  Station,  Indian  Head, 
MD,  August  1974. 

1 5 

P.  S.  Gough,  "Computer  Modeling  of  Interior  Ballistics, "  IHCR  75-3, 
Naval  Ordnance  Station,  Indian  Head,  MD,  October  1975. 

1 6 

P.  S.  Gough,  "Numerical  Analysis  of  a  Two-Phase  Flow  with  Explicit 
Internal  Boundaries,"  IHCR  77-5,  Naval  Ordnance  Station,  Indian  Head, 
MD,  April  1977. 

1 7 

S.  Ergun,  "Fluid  Flow  Through  Packed  Columns,"  Chem.  Eng.  Progr., 

Vol.  48,  pp.  89-95,  1952. 

1 8 

K.  E.  B.  Andersson ,  "Pressure  Drop  in  Ideal  Fluidization,  "  Chem.  Eng. 
Sci. ,  Vol.  15,  pp.  276-297,  1961. 
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Interphase  heat  transfer  is  described  similarly  according  to  Denton19 
or  Gelperin-Einstein^9.  Functioning  of  the  igniter  is  included  by 
specifying  a  predetermined  mass  injection  rate  as  a  function  of  position 
and  time.  Flamespreading  then  follows  from  axial  convection,  with  grain 
surface  temperature  being  deduced  from  the  heat  transfer  correlation  and 
the  unsteady  heat  conduction  equation,  and  ignition  based  on  a  surface 
temperature  criterion.  In  addition,  propelling  charge  internal  boundaries 
defined  by  discontinuity  in  porosity  are  treated  explicitly,  and  the 
forward  external  boundary  reflects  the  inertial  and  compact ibility  char¬ 
acteristics  of  any  inert,  packaging  elements  present  between  the  propellant 
bed  and  the  base  of  the  projectile.  Solutions  are  obtained  using  an 
explicit  finite  difference  scheme  based  on  the  method  of  MacCormack^1 
for  points  in  the  interior  and  the  method  of  characteristics  at  internal 
and  external  boundaries. 

C.  The  Requirement  for  Experimentation 

As  noted  earlier,  considerable  advancement  has  taken  place  over 
recent  years  in  the  field  of  two-phase  flow,  interior  ballistic  modeling. 
The  qualitative  features  of  longitudinal  pressure  waves  in  guns  are  well 
described  in  many  instances  by  such  models.  Nevertheless,  substantive, 
further  advancement  is  necessary  to  extend  their  scopes  of  applicability 
to  many  current  problems  of  interest  (e.g.,  particularly  those  associated 
with  bagged-charge  phenomenology)  and  to  provide  truly  quantitative 
statements  concerning  these  problems. 

Multi-dimensional  flamespread  and  interior  ballistic  models  are  in 
various  stages  of  development,  but  it  is  hardly  likely  that  all  short¬ 
comings  of  existing  models  will  disappear  along  with  the  elimination  of 
the  one-dimensional  approximation.  Indeed,  critical  examination  of  the 
applicability  of  "1-D"  models  to  nearly  one-dimensional  charge  configur¬ 
ations  must  be  one  step  along  the  path  to  formulation  of  a  phenomenolo¬ 
gically  complete  model.  Toward  that  end,  we  describe  a  set  of  experi¬ 
ments  based  on  essentially  a  one-dimensional  charge  designed  to  provide 
data  required  for  direct  assessment  of  existing  models.  The  experimen¬ 
tal  results  obtained  are  compared  to  theoretical  predictions  of  the  NOVA 
interior  ballistics  code.  We  stress  at  the  outset  that  no  significant 
attempt  was  made  to  reconcile  differences  between  experimental  and 
theoretical  results  through  manipulation  of  the  input  data.  Rather,  an 
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input  data  base  was  assembled  which  was  felt  to  be  a  reasonable  compila¬ 
tion  of  currently  available,  independently  determined  values.  The 
objectives  of  the  comparison  presented  here  are  simply  to  identify 
apparent  strengths  and  weaknesses  as  exemplified  in  the  simulations 
provided  and  to  assess  the  adequacy  of  current  experimental  techniques 
for  model  validation  exercises. 


III.  EXPERIMENTAL 

Firing  tests  were  conducted  for  the  Ballistic  Research  Laboratory 
at  the  Naval  Surface  Weapons  Center,  Dahlgren,  Virginia,  using  Navy  NOSOL 
318  and  Army  M30A1  propellants.  NOSOL  318  was  chosen  for  testing  because 
it  is  a  solventless-processed  gun  propellant  offering  excellent  dimen¬ 
sional  stability  and  chemical  and  physical  homogeneity  as  well  as  well- 
characterized  burning  rates.  M30A1  was  selected  because  it  is  the  pro¬ 
pellant  used  in  the  Zone  8,  155-mm,  M203,  Propelling  Charge,  and 
because  no  flamespread  data  previously  existed  for  this  formulation. 

A  photograph  of  the  test  fixture  is  shown  in  Figure  4.  Central  to 
the  experiment  is  the  Navy  fiberglass  breech  gun^2-24  vith  the  disposable 
chamber  made  to  simulate  that  of  the  5-inch,  54-caliber  gun.  Chamber 
pressures  were  measured  at  the  base  of  the  case  (PI)  and  at  four  sidewall 
locations  (P2  through  P5,  running  from  the  base  to  mouth  of  the  case). 

In  addition,  axial  case  strains  (S2  through  S5)  were  recorded  at  approxi¬ 
mately  the  locations  of  the  sidewall  pressure  ports.  Flamespread  data 
were  recorded  on  each  shot  using  two  Hycam  high-speed  cameras  at  framing 
rates  of  5,000  and  10,000  frames  per  second.  A  common  time  base  was 
provided  between  the  analog  and  flamespread  records  through  a  timing 
signal  recorded  on  the  analog  tape  and  the  timing  tracks  of  the  film. 
Finally,  an  attempt  was  made  at  measuring  movement  of  the  propellant 
using  dual  flash  X-rays  to  monitor  the  location  of  particular  grains 
seeded  with  small  brass  rods. 
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Figure  4.  5-Inch  Fiberglass  Breech  Gun,  Naval  Surface  Weapons  Center, 
Dahlgren,  Virginia 
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A  schematic  of  the  one-dimensional  charges  fired  is  shown  in 
Figure  5.  The  propellant  was  loaded  full-diameter  with  a  packing  depth 
of  approximately  7.6  cm.  The  propellant  was  ignited  with  a  specially 
built  basepad,  shown  in  Figure  6  from  the  rear  (upper  left),  from  the 
front  (upper  right),  and  partially  disassembled,  from  the  front  (bottom 
of  figure).  This  basepad  was  designed  to  provide  a  planar  output,  and 
preserve  the  one-dimensionality  of  the  experiment.  The  pad  consisted  of 
85  g  of  Class  I  black  powder,  ignited  by  a  spiral  wrap  of  mild  detonating 
cord,  supported  on  a  wire  grid.  The  cord  was  electrically  initiated. 
There  were  no  wads  or  closure  plugs  at  the  forward  end  of  the  charge,  and 
with  the  exception  of  the  first  NOSOL  318  shot,  the  projectile  was  con¬ 
strained  from  movement. 

A.  One-Dimensional,  NOSOL  318  Tests 


The  NOSOL  318  propellant  grains  used  for  these  shots  had  seven 
perforations,  a  length  of  23.1  mm,  an  outer  diameter  of  11.6  mm,  and  a 
perforation  diameter  of  0.84  mm.  The  propellant  charge  mass  was  9.27  kg. 
The  initial  axial  ullage  on  the  first  shot  was  34  mm,  and  the  projectile 
traveled  19  mm  during  the  event.  The  luminous  output  of  the  burning 
propellant  was  so  low  that  flamespreading  rates  could  not  be  determined. 
The  other  N0S0L  318  firing  reproduced  the  first,  so  only  one  is  reported 
in  detail  here. 


~  7  2  cm 

Figure  5.  Charge  Schematic,  5-Inch,  One-Dimensional  Tests 
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Figure  6.  5-Inch,  One-Dimensional  Igniter 


The  unsmoothed  experimental  pressures  from  each  of  the  piezoelectric 
transducers  are  shown  in  Figure  7.  The  time  scale  is  referenced  with 
respect  to  the  instant  at  which  the  firing  voltage  was  applied  to  the 
electric  initiator.  The  sequence  of  events,  as  depicted  in  these  traces, 
is  well-behaved  and  easily  explained  in  the  context  of  the  phenomenology 
earlier  discussed.  After  the  igniter  functions  at  the  base  of  the  charge, 
propellant  is  locally  ignited  and  an  axial,  convectively  driven  pressure 
front  proceeds  forward  through  the  propellant  bed.  At  approximately  32  ms, 
the  combustion  wave  reaches  the  base  of  the  projectile,  stagnates,  as 
revealed  by  the  slope  change  of  the  forward  curves,  and  is  reflected 
toward  the  base  of  the  case.  The  position  of  the  reflected  wave  is 
easily  tracked  by  the  reversal  of  the  order  of  the  curves  at  the  higher 
pressures.  Figure  8  provides  an  alternate  representation  of  these  same 
data,  presenting  pressure-position  profiles  in  the  chamber  at  selected 
times.  Again,  we  see  a  pressure  front  traveling  from  the  rear,  yielding 
an  initial,  forward-facing  pressure  gradient.  Arrival  of  the  front  at 
the  forward  station  is  seen  at  about  31.5  ms,  and  the  development  of  a 
rear-facing  gradient  indicates  reflection  of  the  wave. 

The  unsmoothed  experimental  pressures  from  each  of  the  strain  gages 
are  shown  in  Figure  9.  The  strain  gages  were  arbitrarily  calibrated  by 
requiring  agreement  of  P2  and  S2  (the  rearmost  sidewall  transducers) 
when  15  MPa  was  reached  at  P2.  As  above,  the  sequence  of  events 
exhibited  in  these  strain  measurements  is  well-behaved,  and  for  the  most 
part  reproduces  that  displayed  by  the  piezoelectric  measurements.  There 
is  some  detail  on  the  S4  trace  not  seen  on  the  P4  record  that  is  perhaps 
an  indication  of  solid-phase  dynamics.  Figure  10  displays  these  data 
in  the  form  of  "strain-inferred"  pressure  profiles  in  the  chamber.  These 
curves  reproduce  the  early  behavior  exhibited  by  the  gas  pressure  pro¬ 
files,  but  significant  differences  evolve  at  later  times.  We  note  an 
apparent  rarefaction  wave  traversing  the  chamber  in  the  vicinity  of 
33.0-33.5  ms.  There  is  also  a  more  persistent  rear-facing  pressure 
gradient  here,  possibly  the  result  of  persistent  stresses  induced  in  the 
forward  end  of  the  propellant  column  during  compaction  of  the  bed. 

Figure  11  displays  a  comparison  of  pressures  measured  using 
piezoelectric  and  strain  gages.  In  our  previous  work^S t  we  relied 
solely  on  strain  gages,  calibrated  as  described  above,  to  monitor  the 
pressure  in  the  tube.  We  see  here  that  while  agreement  between  piezo¬ 
electric  and  strain  gages  is  excellent  at  the  rearmost  station,  presumably 
least  affected  by  solid-phase  loading,  the  agreement  at  the  forward  end 
of  the  case  is  poor,  where  the  strain  record  cannot  even  be  used  as  a 
reliable  indicator  of  time-of -arrival  of  the  gas  pressure  pulse. 
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Figure  7.  Experimental  Piezoelectric  Pressures,  NOSOL  318  Propellant 


Figure  8.  Experimental  Piezoelectric  Pressure  Profiles,  NOSOL  318  Propellant 
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Figure  9.  Experimental  Strain  Pressures,  NOSOL  318  Propellant 


Figure  10.  Experimental  Strain  Pressure  Profiles,  NOSOL  318  Propellant 


20 


PRESSURE  ( MPfl )  PRESSURE  (MPA) 


Figure  11.  Comparison  of  Experimental  Piezoelectric  and 
Strain  Pressures,  NOSOL  318  Propellant 
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NOVA  code  simulations  of  the  "1-D"  NOSOL  318  firings  were  performed 
using  the  input  data  base  provided  in  Appendix  A.  Independently  deter¬ 
mined  values  for  required  input  parameters  were  employed  wherever  possible 
Propellant  thermochemical  properties  were  calculated  using  the  BLAKE 
code*-  ,  burning  rates  were  based  on  closed  bomb  measurements22,  and  bed 
rheology  was  characterized  by  reference  to  results  from  quasi-steady 
compaction  studies28.  The  propellant  ignition  temperature  was  arbitrarily 
set  at  450  K,  and  the  igniter  output  profile  was  depicted  to  be  either  a 
simple,  constant  venting  of  the  appropriate  quantity  of  black  powder 
combustion  products  or  a  slightly  ramped  version  of  the  same  (see  Figure 
12).  The  total  action  time  of  approximately  20  ms  was  based  on  the 
results  of  some  earlier  igniter  characterization  tests,  depicted  in  Figure 
13,  though  no  attempt  was  made  to  reproduce  any  of  the  detailed  structure 
of  igniter  performance. 

Figure  14  provides  one  comparision  of  theory  with  experiment  for 
the  first  NOSOL  firing.  Ignition  delays  are  underpredicted  with  both 
igniter  profiles  employed,  so  a  time  translation  has  been  introduced  to 
render  coincidental  the  experimental  and  predicted  times  for  a  pressure 
of  15  MPa  at  the  breech  position.  Some  sensitivity  is  seen  here  with 
respect  to  the  character  of  the  igniter  description,  suggesting  the  need 
for  a  more  careful  representation  of  its  temporal  output.  However, 
while  pressure-front  propagation  rates  are  in  substantial  agreement  with 
experiment,  the  sharp  discontinuity  in  the  pressurization  curves,  mark¬ 
ing  the  arrival  of  the  reflected  wave  front,  is  completely  missing  in  the 
simulations.  Altering  propellant  bed  compaction  characteristics  (by 
changing  the  rate  of  propagation  of  an  intergranular  disturbance,  a0, 
as  in  the  packed  bed)  to  approximate  more  closely  measurements  made  on 
single-base,  solvent-processed  propellants  is  seen  in  Figure  15  to  signifi 
cantly  alter  predicted  pressure-difference  profiles,  though  little  improve 
ment  is  seen  (Figure  14)  with  respect  to  the  previously  described  problem. 

Figure  16  provides  a  composite  display  of  predicted  and  observed 
pressure-front  propagation  profiles  (based  on  a  level  of  1  MPa),  and  of 
predicted  flame-front  propagation.  As  mentioned  before,  flamespread 
data  could  not  be  reduced  because  of  the  low  level  of  luminosity 
observed  during  the  firings  of  NOSOL  318  propellant.  Note  again  the 
dependence  of  predicted  results  on  the  igniter  description. 
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Figure  12.  Simplified  Igniter  Output  Profiles  (Input  to  NOVA  Code) 
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Figure  13.  One-Dimensional  Igniter  Static  Firing  Results 


Figure  14.  Comparison  of  Experimental  and  Calculated  Pressures, 
NOSOL  318  Propellant 
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Figure  15.  Comparison  of  Predicted  and  Experimental  Pressure-Difference 
Profiles  (P1-P5)  for  NOSOL  318 
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Figure  16.  Experimental  and  Calculated  Flame  and 

Pressure  Fronts  for  NOSOL  318  Propellant 
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B.  One-Dimensional,  M30A1  Tests 


The  M30A1  propellant  selected  for  these  tests  was  physically 
similar  to  the  NOSOL  318  to  permit  a  comparison  between  the  details  of 
the  interior  ballistic  processes  for  the  two.  The  seven-perforation 
M30A1  had  a  length  of  24.1  mm,  an  outer  diameter  of  10.6  mm,  and  a 
perforation  diameter  of  0.86  mm.  The  propellant  charge  mass  was  10.07  kg. 
The  initial  axial  ullage  on  the  shot  discussed  here  in  detail  was  53  mm, 
and  the  projectile  did  not  move  during  the  event.  Due  to  the  increased 
luminosity  of  the  flame  for  this  shot,  when  compared  to  that  of  the 
NOSOL  318,  flamespread  data  could  be  visually  tracked.  As  before,  only 
one  of  the  two  rounds  is  reported  in  detail;  the  second  reproduced  these 
results. 

Figure  17  displays  the  flamespread  through  the  M30A1  propellant  at 
10,000  frames  per  second.  After  a  period  of  diffuse  luminosity,  with 
ill-defined  flame  propagation  in  the  rear  part  of  the  charge,  the  flame 
proceeds  monotonically  to  the  front  of  the  charge. 

Unsmoothed,  experimental  pressure-time  profiles  as  recorded  by  the 
piezoelectric  transducers  are  shown  in  Figure  18.  The  low-pressure 
front  ('v  1  MPa)  is  seen  to  propagate  forward  in  an  orderly  fashion  in 
much  the  same  manner  as  in  the  NOSOL  charges.  However,  the  details  of 
the  stagnation  event  are  absent  here,  as  rapid  pressurization  at  mid¬ 
chamber  leads  to  an  early  failure  of  the  case.  This  sequence  of  events 
becomes  clearer  upon  examination  of  Figure  19.  We  see  an  extremely  rapid 
pressure  buildup  near  mid-chamber  at  about  29  ms  into  the  cycle,  with 
virtually  no  penetration  into  the  forward  portion  of  the  charge  until  after 
29.6  ms.  One  can  conjecture  that  a  coupling  of  the  relatively  high 
burning  rates  of  M30A1  propellant  at  low  pressures  with  local  compaction 
of  the  bed  at  the  pressure  front  resulted  in  a  temporary  blockage  to  flow. 
The  interplay  of  propellant  compaction  and  friction  between  the  propel¬ 
lant  bed  and  the  case  sidewall  could  impact  significantly  on  this  process. 

Figure  20  contains  plots  of  the  experimental  strain  pressures 
recorded  in  the  M30A1  test.  As  with  the  NOSOL  example,  the  strain 
records  substantially  reflect  the  same  events  as  the  piezoelectric  data, 
with  the  exception  of  some  detail  on  the  S5  trace,  presumably  the  result 
of  propellant  motion  and  compaction  at  the  forward  end  of  the  case. 

Figure  21  displays  these  data  as  "strain-inferred"  pressure  profiles, 
revealing  the  same  general  character  as  the  plots  of  Figure  20.  However, 
the  gradient  from  S4  to  S5  is  less  steep  than  that  from  P4  to  P5,  suggest¬ 
ing  once  again  the  presence  of  a  locally  severe  impedance  to  gas  flow. 
Figure  22  compares  the  piezoelectric  and  strain  pressures  at  rear  and 
forward  locations  along  the  case.  It  appears  that  a  low-level  stress 
wave  is  transmitted  through  the  relatively  stiff  M30A1  propellant  bed, 
reaching  the  forward  end  of  the  case  before  the  gas-pressure  front  arrives. 
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Figure  17.  Flamespread,  M30A1  Propellant 


Figure  18.  Experimental  Piezoelectric  Pressures,  M30A1  Propellant 


Figure  19.  Experimental  Piezoelectric  Pressure  Profiles, 
M30A1  Propellant 
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Figure  20.  Experimental  Strain  Pressures,  M30A1  Propellant 


Figure  21.  Experimental  Strain  Pressure  Profiles,  M30A1  Propellant 
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Figure  22.  Comparison  of  Experimental  Piezoelectric 
and  Strain  Pressures,  M30A1  Propellant 
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Comparisons  of  NOVA  predictions  (using  the  data  base  of  Appendix  B) 
to  experimental  results  for  M30A1  propellant  are  provided  in  Figures  23 
and  24.  Simulation  of  the  low-pressure  (<  5  MPa)  regime  is  seen  in 
Figure  23  to  be  no  more  satisfactory  than  for  the  NOSOL  firings.  While 
a  comparison  at  the  time  of  stagnation  is  not  possible  because  of  case 
failure  prior  to  that  event,  any  agreement  at  that  time  would  be  for¬ 
tuitous,  because  of  a  failure  to  simulate  the  apparent  choking  of  flow 
near  mid-chamber  earlier  in  the  cycle. 

Figure  24  depicts  a  comparison  between  the  model  predictions  for 
flame-  and  pressure-front  propagation  through  the  charge.  The  experi¬ 
mental  flamespread  plot  reflects  the  events  shown  in  Figure  17,  that  is, 
a  region  of  poorly  defined  movement  followed  by  the  customary  monotonic 
flame  front.  During  the  well-behaved  portion  of  the  cycle,  the  simula¬ 
tions  are  in  excellent  agreement  with  the  experimental  flamespread  rate. 
However,  over  the  range  of  input  variables  studied,  we  have  not  obtained 
an  accurate  simulation  of  the  transit  of  the  low-amplitude  pressure 
front  through  the  bed,  again  possibly  because  of  poorly  understood  bed 
rheology  and  wall  interactions  not  considered  in  the  model. 


IV.  CONCLUSIONS 

We  have  provided  experimental  data  which  can  be  used  in  assessing 
the  relative  merits  of  existing  one-dimensional,  unsteady,  two-phase 
flow  interior  ballistic  models.  A  full-scale  comparison  of  the  models, 
exercised  using  standardized,  independently  determined,  input  parameters, 
has  not  yet  been  accomplished.  However,  a  comparison  of  experimental 
results  to  sample  calculations  using  an  existing  model  has  served  to 
suggest  several  areas  of  concern  to  modelers  and  experimental  investi¬ 
gators  alike.  First,  the  sensitivity  of  early  time  predictions  of  flow 
to  igniter  description  and  the  lack  of  overall  agreement  between  theory 
and  experiment  for  this  early  portion  of  the  cycle  should  be  of  concern 
to  all.  Certainly,  a  more  careful  experimental  characterization  of 
igniter  performance  is  required.  The  problem  may  reach  also  to  the 
inadequacy  of  the  treatment  of  the  overall  ignition  process  itself  in 
many  of  the  codes.  The  diffuse  nature  of  the  experimentally  observed 
flame  development  in  the  rear  of  the  M30A1  charges  suggests  anything  but 
a  sharply  defined,  convectively  driven  flame  front.  Treatment  of  low- 
pressure  ignition  systems  may  well  require  recognition  of  a  far  more 
complicated  sequence  of  events,  perhaps  involving  some  important  gas- 
phase  reactions,  leading  to  full,  "steady-state"  combustion. 

Further,  we  have  noted  the  sensitivity  of  predicted  results  to  our 
description  of  propellant  bed  rheology,  as  influenced  in  the  NOVA  code 
by  selection  of  a  value  for  the  speed  of  propagation  of  a  small  distur¬ 
bance  in  the  packed  bed.  This  quantity  is  typically  the  result  of  an 
indirect  measurement,  often  being  deduced  from  quasi-steady  propellant 
bed  compaction  characteristics.  We  also  point  out  that  use  of  what  are 
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Figure  23.  Comparison  of  Experimental  and  Calculated 
Pressures,  M30A1  Propellant 
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NOVA  TIME  (ms) 


Figure  24.  Experimental  and  Calculated  Flame  and 
Pressure  Fronts  for  M30A1  Propellant 
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EXPERIMENTAL  TIME  (ms 


believed  to  be  extreme  values  for  this  parameter  offers  little  promise 
for  effecting,  within  the  framework  of  the  current  representation,  a 
satisfactory  simulation  of  observed,  sharp  discontinuities  in  the  slopes 
of  pressure-time  profiles  as  the  reflected  wave  passes. 

Numerous  other  features  of  the  flamespread  process  have  not  been 
addressed  in  this  exercise,  but  are  certainly  worthy  of  further  attention. 
Low-pressure  propellant  burning  rates,  often  not  well  characterized,  will 
be  extremely  influential  in  determining  the  progress  of  a  convcctivcly 
driven  flame  front.  The  corresponding  resistance  to  flow  offered  by  the 
propellant  bed,  and  as  influenced  by  bed  compaction  and  interaction  with 
the  wall,  will  be  equally  important.  Modelers  and  experimentalists  will 
have  to  continue  to  work  hand  in  hand  to  effect  improvement  in  such  areas, 
required  for  one-dimensional  and  multi-dimensional  models  alike. 
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APPENDIX  A 

NOVA  CODE  INPUT 
1 -D  CHARGE  -  NOSOL  318 
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1-0  CHARGE 


N0S0L  318  (HORSTA) 


CONTROL  DATA 

LOGICAL  VARIABLES! 

PRINT  1  GRAPH  2  DISK  WRITE  0  DISK  READ  0 

l.H.  TABLE  1  ELAME  TABLE  1  PRESSURE  TABLE (S)  1 

t«()SlvE  EFFECT  0  DYNAMIC  EFFECT  0  WALL  TEMPERATURE  CALCULATION  0 

Lt-FT  HAND  BOUNOARY  CONDITION  0  RIGHT  HAND  BOUNDARY  CONDITION  0  LEFT  HAND  RESERVOIR  0 

RIGHT  HAND  RESERVOIR  0  BED  PRECOMPRESSED  0 

hl  AT  LOSS  CALCULATION  0  INSULATING  LAYER  0 

hOBF  RESISTANCE  EUNCTION  1 


INTEGRATION  PARAMETERS 
NUMBFP  OF  STATIONS  AT  WHICH  DATA  ARE  STORED 
NumRFR  OF  STEPS  BEFORE  LOGOUT 
TlMF  STEP  FOR  DISK  START 
UUm8F»  OF  STEPS  FOR  TERMINATION 
TIME  FOR  TERMINATION  (SEC) 

PROJECTILE  TRAVEL  FOR  TERMINATION  (INS) 

■imXImum  TIME  STEP  (SEC) 

STABILITY  SAFETY  FACTOR 
VAIRCF  STABILITY  FACTOR 
aRATIAL  RESOLUTION  FACTOR 

umf  interval  for  i.r.  table  storageiseci 

time  interval  FOR  PRESSURE  TABLE  storage  (SEC) 
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25 

0 

700 

.2000F-01 
200.00 
.  1  00UE-03 
2.00 
.0500 
.0100 
.  1 000E-O3 
.  1000E-03 


FILE  COUNTERS 

VJ«mFP  OF  STATIONS  TO  SPECIFY  TUBE  RADIUS 
number  OF  TIMES  TO  SPECIFY  PRIMER  DISCHARGE 
numBfP  OF  POSITIONS  TO  SPECIFY  PRIMER  DISCHARGE 
•jjyp.-p  OF  ENTRIES  IN  PORE  RESISTANCE  TABLE 
NomPFr  OF  ENTRIES  IN  WALL  TEMPERATURE  TABLE 
riUMRfR  OF  ENTRIES  IN  FILLER  ELEMENT  TABLE 
jumper  OF  TYPES  OF  PROPELLANTS 
•Mi'MRPP  OF  BURN  RATE  DATA  SETS 

.mumhfu  of  entpies  in  void  Fraction  table (si 
mummed  of  entries  in  pressure  history  tables 

NOMBFR  OF  ENTRIES  IN  LtFT  BOUNDARY  SOURCE  TABLE 
Viuppw  OF  ENTRIES  IN  PIgbT  BOUNDARY  SOURCE  TABLE 
g.jMPFP  ()F  WALL  STATIONS  FOR  INVARIANT  EMBEDDING 
4U-pi-m  OF  BED  STATIONS  FOR  INVARIANT  EMBEDDING 
rRICTlON  COEFFICIENT 


3 

3 

3 

2 

0 

0 

1 

1 

0  0  0 
5 
0 
0 
0 
u 

1.0 


I 


GENERAL  PROPERTIES  CF  INITIAL  ambient  gas 


INITIAL  TEMPERATURE  (DtG.R)  SjO.O 

l  -IT1AL  PRFSSOPE  (PSI)  14.7 

MOLECULAR  WEIGHT  (LBm/LBmOL)  2S.000 

T  I O  OF  SPECIFIC  HEATS  1.A000 


GENERAL  PROPERTIES  OF  PROPELLANT  BED 


INITIAL  TEMPERATURE  tOEO.P) 

VIRTUAL  MASS  CONSTANT  (-) 

V 1 1 r>  fraction  packing  coefficients 


■3  JO .  0 

0.000 

0.0000 
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0.0000 


0.0000 


PROPERTIES  of  propellant 


1 


PROPFLLANT  TYPE  NOSOL  31 8 
MASS  OF  PROPELLANT  (LBM)  20.4300 
DENSITY  OF  PROPELLANT  (LBM/IN*«3)  .0550 
FORM  FUNCTION  INDICATOR  7 
OUTSIDE  DIAMETER  (INS)  .4550 
INSIDE  DIAMETER  (INS)  .0330 
LENGTH  (INS)  .9040 
NUMBER  OF  PERFORATIONS  7. 


Rheological  properties 

SPEED  OF  COMPRESSION  WAVE  IN  SETTLED  BED  (IN/SEC)  4000. 

SETTLING  POROSITY  1.0000 

SPEED  OF  EXPANSION  WAVE  (IN/SEC)  50000. 

SOLID  PHASE  THERMOCHEMISTRY 


MAXIMUM  PRESSURE  FOR  BURN  RATE  DATA  (LBF/IN*«2) 
BURNING  RATE  PRE-EXPONENTIAL  FACTOR 

( IN/SEC/PSI**RN) 

BURNING  RATE  EXPONENT 
BURNING  RATE  CONSTANT  (IN/SEC) 

IGNITION  TEMPERATURE  (OEG.R) 

ARRHENIUS  ACTIVATION  FNERGY  (LBF-IN/L0MOL) 
FREQUENCY  FACTOR  (SEC»*-1) 

THERMAL  CONDUCTIVITY  (LBF/SEC/DEG.R) 

THERMAL  OIFFUSIVITY  ( I N**?/SEC ) 

LMISSIVITY  FACTOR 


10000O. 

. 1490t“"3 
.9400 

o .  o  o  o  o 
61 1/«  0 

0. 

0. 

.2770E-U 1 
.1345E-U3 
.  nuQ 


GAS  PHASE  THERMOCHEMISTRY 


CHEMICAL  ENERGY  RELEASED  IN  BURNING  <LBF- IN/ LoM) 
MOLECULAR  HEIGHT  (LBM/LBMOL) 

RATIO  OF  SPECIFIC  HEATS 
COVOLUME 


.niooE*<i8 
21.3300 
1 .27<«0 
30.00U0 


PACKAGE 

1 


LOCATION  OF  PACKAGE (S) 

LEFT  BDDY(INS)  RIGHT  BODY (INS) 

.500  26.480 


MASS (LBM) 
20.430 
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PROPERTIES  OF  PRIMER 


chemical  energy  released  in  burning (LBF-in/lbm)  ,6303E*o7 
MOLECULAR  WEIGHT  (LBm/LBMOL)  36.1300 
KATIO  OF  SPECIFIC  HEATS  1.2600 
SPECIF T C  VOLUME  OF  SOLID ( IN**3/LBM)  15.36S0 


PRIMER  DISCHARGE  FUNCTION  (LPM/IN/SEC) 


PCS. (INS) 

0.00 

.49 

.50 

TIME (SEC) 

0. 

12.50 

12.50 

0.00 

•200E-01 

12.50 

12.50 

0.00 

.210F-01 

0.00 

0.00 

0.00 
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kaOAMFTPWS  TO  SPECIFY  TUBE  GEOMETRY 


iHSTANCF  (IN) 

0.000 

<?9.  h30 

pon.ooo 


RADIUS (IN) 
P.730 
2.B30 
2.*30 


MURE  RESIST  ANCE  TABLE 

PUS I T I  ON ( I  NS)  RESISTANCE (HSI) 
29.B30  100000. 

POO. 000  100000. 


thermal  properties  of  tube 


!>ic«».al  CONDUCTIVITY  (LHF/SEC/OEG.R) 
T-ERval  OIFEUSIVITY  (IN*«2/SEC> 
e "ISCIVI t f  FACTOR 
1  TTJAL  TEMKtRATuRt  (DtO.R) 


7.770 
.2280E-01 
.700 
530. UO 


PhUJECTILE  AND  RIFLING  DATA 

INITIAL  POSITION  OF  RASE  OE  PPOJECT ILE ( INS ) 
•>SS  r'E  PROJECTILE  (LRM) 
p  -LAP  m;)ME>.T  OF  INERTTA  (LRM-IM*«P) 

ANGL^  OE  RIFLING  (LFG) 


29.h30 
10J.OO0 
14  •  (iU0 
to. 000 


RNSITTONS  FOR  PRESSURE  TAhLE  STORAGE 

n.ouoo  <*.5000  n.oono  17-sooo  24.uooo 

sr  TTL I \G  pukOSITY  AT  REF  ERk  NCE  COMPOSITION  mmS  faEEN  DEFAULTED  TO  .41233  TO  AVOID  INITIAL  BED  COMPACTION 
i«F  Pwnpv'LLANT  TYPE  1 
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APPENDIX  B 

NOVA  CODE  INPUT 
1-D  CHARGE  -  M30A1 
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1-D  CHARGE 


M30A1  (HORSTA) 


CONTROL  DATA 

L'i^IfAL  vArIauLFS: 

I  NT  1  Graph  2  DISK  *RITF  0  DISK  READ  0 

I.h.  TA^le  1  FlamE  TAhLE  1  PRESSURE  T  ABLE  (S)  1 

rr^nsivE  cFFfCT  0  DYNAMIC  EFFECT  0  *  ALL  TEMPERATURE  CALCULATION  0 

urr  ~a\u  HOUNDaRY  CONDITION  0  RIGHT  HAND  BOUNDARY  CONDITION  0  LEFT  HAND  RESFRVUJR  0 


‘•bHT  nam-j  Rf  SERVO  1  k  0  RED  PRECOMPRESSED  0 

Af  LOSS  CALCULATION  0  INSULATING  LAYER  0 

-vk s i s t  ancf  function  i 


INTEGRA  7  I  ON  PARAMETERS 
i if  STATIONS  at  *h ICm  DATA  ARE  STORED 
...  vurR  ur  STEPS  PrrORF  LOGOUT 
IIMF  sTEr*  Kw  OIS^  START 
v  \~*r  w  or  SlEPS  FOK  Tt  HMl  NAT  I ON 
I  i*.*-'  FOn  Tt.4- ^INATIUU  (StC) 

-^ojfrriLE  travll  fur  Termination  cjns> 

T  STEP  (SEC) 

'I  i-II  TTY  sAFtTY  F  ACTOR 

-  uppf  sr«  * i l i t  y  factor 

^  a t i r c  "tsOLUTiON  factor 

11^*  I'.T-^vcL  riN  l.K.  T*HLF  STORAGE  (SFC) 

I  l  +?  I'Jf^^VuL  F.w  H^KSbUMc  1A-LF  STORAGE  (StC) 


\ 


3S 

luo 

0 

3S0U 

■200 On -01 
YoU.Otl 

•1OU0F-O3 
£.00 
•  hSOO 
.  u  100 
. 1 UOwF -03 
. lUOOf-03 


* 

I  ir 

•  •  v  r«  - 

Or" 

4  it 

*1  .1  .«  •  J 

“TF 

.VAr  - 

N»* 

.  MUf 

OF 

It  W 

OF 

-.•*  - 

OF 

•tl  v-.PL 

OF 

1  Vf  *  — 

OF 

•«  j'-'F  »- 

Or 

'  I^Hk*  w 

•)F 

- 

nr 

p  U 

'V 

-*  ICTTOs 


FILE  COUNTFrS 

motions  10  specify  tope  radius 
U^ES  TO  specify  PRp-rR  DISCHARGE 
hOSITIDNS  TO  SPECIFY  PR  1  Mr  R  DISChihoF 
r  >  T  R 1  ♦  S  In  PUKt  r>r  SI  STANCE  T  Ac*Lt: 
►nTkI^S  IN  *ALL  TrMpFPATUPt  T^Lt 
“MKlfS  IN  FILlc**  cLEMf.NT  f  ARle 
Ttrfs  r propellants 
iitn*  *<ATt  DAT 4  SrTS 
n.‘TR|FS  IN  I/UKI  r -ACT  ION  TAnLtlS) 
t  NTk  I  ►  S  IN  pRcSSl^r  HISTORY  TA-LrS 
r  .TRIcS  IN  Lt.M  rOUNOARY  SOURCE  TA-LF 
tNTFIrs  IN  rIghT  •mKiNl'aRy  i>OURCF  T.»rtLE 
•  »*LL  ST A1  I  nr*s  For  INVARIANT  £Mrf J'Ing 
-tii  stations  Mju  Invariant  EmhcunIno 
Lv^Kirit*') 


3 

*♦ 

3 

d 

O 

0 

1 

2 

U  0  0 

u 

u 

u 

0 

1.0 


GEntRAL  PROPERTIES  OF  INITIAL  ammIcM  GAS 


J'  ITI»L  T  c.*4pERa  T  Jw-  (DLG.k)  -?30.0 

i  I  t i  / l  pressure  (Psn  u.7 

,Lnr',L-*<  1G^T  (L*,M/LhW(  l)  2^-000 

.  .T  f '1  ^  S^CIFJC  NtATS  1.^000 


GtNEK<4L  PrUPF  RT  IF  4  OF  PR JRF lL «*F'  f  bLD 

;  ITPl  TE-^f.  in^t  (OtG.^) 

/1-n  L  CgusT  *-NT  ( - ) 

i  \  '  F-'uCTImm  PaCnInG  COl'-F  ICIt^TS 


:>  <  U  •  0 

v.noo 

u.looo  o.ovOo  o.ooou 
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PROPERTIES  OF  PROPELLANT 


I 


PROPELLANT  TYPF. 

-v.nqs  Of  PROPELLANT  (LBM) 

"ENSITY  OF  PROPELLANT  (LBm/In»»3) 
FORM  FUNCTION  INDICATOR 
"UTSIOF  DIAMETER  (INS) 
l  •iSIDF  DIAMETER  (INS) 

LENGTH  (INS) 

NUMrtEP  OF  PERFORATIONS 


KHEOLOGiCAL  PROPERTIES 

SRFFO  OF  COMPRESSION  WAVE  IN  SETTLED  RED  (In/SEC) 

^ TTLl VG  POROSITY 

S^FfN  OF  EXPANSION  wave  df/SFC) 

SOLID  PHASE  THERMOCHEMISTRY 


r  ,i.  x  T  i  ** 

•  •uSMI\r, 


VM  I  Nfi 
.  X  l  M 1 1  vt 
“OPN  J MG 


pressure  for  burn  rate  data  (l9F/in<h>2) 
RATE  Pke-FaPOMENT I AL  FACTOR 

( IN/SE.C/PSI»*HN) 

rate  Exponent 

pressure:  eur  porn  rate  data  (lbe/ i.* 

ruTF  PR£ -E XPONEN T 1 Al  FACTOR 

( 1N/SEC/PSI**Rm) 


-oRfJl:-(,  RaTE  E  xPONt  NT 
•MjRMlNG  RATE  Constant  (1N/SFC) 


i on i t I  On  Temperature  (Ueo.r) 

‘•-PHENIUS  ACTIVATION  FnEkGY  (LHF-Im/LhmOL  ) 
ERE'OtIFNCY  FACTOR  (bEC^-l) 
imFRRAL  CONDUCTIVITY  (LnE /SEC/OEG.R) 
f'FW'iAL  OIFFUSIVITY  ( I  W*»2/SFC  ) 

E  ISSIVITY  FACTOR 


GAS  PHASE  THE RMOCh  F Ml  SI RY 
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